NAVAL POSTGRADUATE SCHOOL

Monterey, California

THESIS

PERFORMANCE ANALYSIS OF NONCOHERENT
DIFFERENTIAL PHASE SHIFT KEYING USING
POST-DETECTION SELECTION COMBINING
OVER A RAYLEIGH FADING CHANNEL

by
Tahir Conka
June 1998
Thesis Advisor: Tri T. Ha
Co-Advisor: Ralph D. Hippenstiel

Approved for public release; distribution s unlimited.

DTIC QUALITY INSPECTED 6

940 1190866}



REPORT DOCUMENTATION PAGE

Form Approved OMB No. 0704-0188

Public reporting burden for this collection of information is estimated to average 1 hour per response, including the time for reviewing instruction, searching existing data
sources, gathering and maintaining the data needed, and completing and reviewing the collection of information. Send comments regarding this burden estimate or any other
aspect of this collection of information, including suggestions for reducing this burden, to Washington Headquarters Services, Directorate for Information Operations and
Reports, 1215 Jefferson Davis Highway, Suite 1204, Arlington, VA 22202-4302, and to the Office of Management and Budget, Paperwork Reduction Project (0704-0188)

Research and Development Office

Washington DC 20503.
1. AGENCY USE ONLY (Leave blank) |2. REPORT DATE 3. REPORT TYPE AND DATES COVERED
June 1998 Master’s Thesis
4. TITLE AND SUBTITLE 5. FUNDING NUMBERS
PERFORMANCE ANALYSIS OF NONCOHERENT DIFFERENTIAL
PHASE SHIFT KEYING USING POST-DETECTION SELECTION
COMBINING OVER A RAYLEIGH FADING CHANNEL
6. AUTHOR(S) Conka, Tahir
7. PERFORMING ORGANIZATION NAME(S) AND ADDRESS(ES) 8. PERFORMING
Naval Postgraduate School ORGANIZATION
Monterey, CA 93943-5000 REPORT NUMBER
9. SPONSORING/MONITORING AGENCY NAME(S) AND ADDRESS(ES) 10. SPONSORING/MONITORING
AGENCY REPORT NUMBER

policy or position of the Department of Defense or the U.S. Government.

11. SUPPLEMENTARY NOTES The views expressed in this thesis are those of the author and do not reflect the official

12a. DISTRIBUTION/AVAILABILITY STATEMENT
Approved for public release; distribution is unlimited.

12b.

DISTRIBUTION CODE

13. ABSTRACT (maximum 200 words)

DPSK receiver operating over a Rayleigh fading channel.

In this thesis, the performance analysis of a noncoherent Differential Phase Shift Keying (DPSK) receiver
using Post-Detection Selection Combining techniques over a Rayleigh fading channel is investigated.
Post-Detection Selection Combining (PDSC) is evaluated and compared to Equal Gain Combining
(EGC) and Selection Combining (SC), the two common diversity techniques discussed in the literature.
Numerical results obtained for Post-Detection Selection Combining are compared to Selection
Combining and Equal Gain Combining. The Post-Detection Selection Combining method is shown to be
superior to the Selection Combining method but inferior to Equal Gain Combining method for a non-coherent

14: SUBJECT TERMS Rayleigh Fading Channel, Diversity Combining Techniques, Equal |15. NUMBER OF
Gain Combining (EGC), Selection Combining(SC), Post Detection Selection PAGES
Combining(PDSC). 90

16. PRICE CODE
17. SECURITY CLASSIFICA- | 18. SECURITY CLASSIFI- 19. SECURITY CLASSIFICA- | 20. LIMITATION OF
TION OF REPORT CATION OF THIS PAGE TION OF ABSTRACT ABSTRACT
Unclassified Unclassified Unclassified UL

NSN 7540-01-280-5500

Standard Form 298 (Rev.2-89)
Prescribed by ANSI Std. 239-18 298-102







Approved for public release; distribution is unlimited.

PERFORMANCE ANALYSIS OF NONCOHERENT
DIFFERENTIAL PHASE SHIFT KEYING
USING POST-DETECTION SELECTION COMBINING
OVER A RAYLEIGH FADING CHANNEL

. Tahir Conka
Lieutenant Junior Grade, Turkish Navy
B.S., Naval Postgraduate School, 1997

Submitted in partial fulfillment of the
requirements for the degree of

MASTER OF SCIENCE IN ELECTRICAL ENGINEERING
from the

NAVAL POSTGRADUATE SCHOOL
"~ June 1998

Author: m .

Tahir Conka

[
Approved by: l N l v “e\

Tri T. Ha, Thesis Advisor

Rolph 8. Rppoindecs

7’& Hippenstigl, Co Advisor
\4 v ’

Herschel H. Loomis, Jr., Chagman, Department of Electrical
and Computer Engineering

il






ABSTRACT

In this thesis, the performance analysis of a noncoherent Differential Phase Shift
Keying (DPSK) receiver using Post-Detection Selection Combining techniques over a
Rayleigh fading channel is investigated.

Post-Detection Selection Combining (PDSC) is evaluated and compared to Equal
Gain Combining (EGC) and Selection Combining (SC), the two common diversity
techniques discussed in the literature.

Numerical results obtained for Post-Detection Selection Combining are compared
to Selection Combining and Equal Gain Combining. The Post-Detection Selection
Combining method is shown to be superior to the Selection Combininé method but
inferior to Equal Gain Combining method for a non-coherent DPSK receiver operating

over a Rayleigh fading channel.
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L INTRODUCTION
A. BACKGROUND |
The use of a natural medium for communications systems, especially for wireless
_and mobile radio communications systems, implies unavoidable degradation associated
with the randomness that accompanies natural phenomena. Refraction, reflection,
diffraction, scattering, focusing attenuation and other factors cause variations between
the received signal level and a calculated free-space level for a given transmitter output.
The degradation is usually due to natural causes but can also be caused by man made
items such as huge buildings in an urban area [1,2].

Although only the direct wave is desired, several distinguishable pafhs between the
transmitter and receiver do exist. These are typically due to reflections. These paths cause
several waves to arrive at the receiver at slightly different times and produce fading. The
interference between a direct wave and a reflected wave is called multi-path fading [2].

The electro-magnetic waves tend to arrive at the receiver over different paths
having different propagation delays. The received signal consists of components having
randomly distributed amplitudes, phases and angles of arrival. When there is no single
line-of-sight path between the transmitter and the receiver, the received signal is modeled

as a Rayleigh random variable. Its probability density function (pdf) is given by [4]

Z Z
—exp| — z20

F)=10" p( 20-2) , (1)
0 otherwise

where 20is the average power of faded signal, and z is the amplitude of the received

signal.



The resulting communication channel is called a Rayleigh fading channel. When the line-
of-sight component is not zero, the received signal is modeled as a Ricean random

variable. Its pdf is given by [4]

2 2
V4 z°+a az
——exp| - I, — a=20,z20
f(z)=4¢2 p( 202 ] 0(0'2) . )]

0 otherwise

where a’is the average power of the unfaded (direct) signal component, 20is the

average power of the faded signal component and I, (0) is the zeroth-order modified

Bessel function of the first kind. This resulting communication channel is called a Ricean
fading channel [2,3].
| Rayleigh fading severely degrades the average probability of the bit error
performance of the receiver. One way of minimizing this problem is to increasé the
transmitter power or the antenna size. However, such a solution requires costly
engineering alterations making other alternatives very attractive. It is well known, that
diversity combining is one of the most effective alternatives [1].
| To reduce the effects of fading, one of several diversity techniques can be
implemented. Diversity is a procedure to receive or transmit the same symbol multiple
times in order to provide redundancy at the receiver. The basic idea of diversity is that
some of the received redundant symbols will be more reliable than the others, and the
demodulation decision will be made using the more reliable symbols. In order to be -
useful, each redundant symbol must be received independently [4]. The diversity can be
implemented as space, time, frequency, angle and polarization diversity. Space diversity
consists of using multiple antennas at the receiver in order to receive the transmitted

symbol multiple times via multiple paths. Time diversity is employed by transmitting the



same symbol multiple times. In frequency diversity, the symbol is transmitted on multiple
carrier frequencies at the same time. Angle diversity is implemented by a set of directive
antennas where each one responds independently to a wave to produéc an uncorrelated
faded signal. Polarization diversity is possible with two orthogonal polarizations.
Combining the signals from the diversity branches allows a significant performance
improvement. Diversity combining can be accomplished prior to or after detection, which
are called pre- and post-detection, respectively. Diversity combining can be linear or non-
linear. In this thesis, only linear combining methods are analyzed. Unlike the other
methods used for reducing fading effects, diversity combining lowers costs and reduces
complexity in the receiver [2]. In this thesis, a new method referred to as Post-Detection
Selection Combining (PDSC) is presented and compared with Selection Combining and
Equal Gain Combining [1,3].

Post-Detection Selection Combining (PDSC) is invented by Professors Tri T.
Ha and Ralph D. Hippenstiel [14]. This method selects the signal with the largest
amplitude or combines the two (three) received signals with tﬁe two (three) largest
amplitudes after detection. Since combining is done after detection, the new method is
named as First, Second, and Third Order Post-Detection Selection Combining and is

denoted by PDSC-1, PDSC-2 and PDSC-3, respectively.

B. SYSTEM DESCRIPTION

A noncoherent differential phase shift keyed (DPSK) receiver, as shown in Fig. 1,
is used to demonstrate the performance of Post-Detection Selection Combining. As a
noncoherent receiver, the DPSK receiver requires no phase recovery and can be build

inexpensively. For this reason, it is widely used in wireless communications systems.



While DPSK signaling has the advantage of reduced receiver complexity, its energy
efficiency is inferior to that of coherent PSK by about 3 dB [4]. The average probability

of error for DPSK in additive white Gaussian noise is given by [4]

1 -F
P =—ex b1, 3
i) -

where E, / N, is the bit-energy-to-noise-density ratio.

Before we analyze the Post-Detection Selection Combining, we need to consider general
structure of the DPSK receiver. The phase difference between two successive bits is used

to convey information. Whenever the data bit b, = 0 is transmitted, the waveform for two
consecutive differentially encoded bits ¢,_,¢; is given by [6]

v =tAp,(t-G-DT) cos(27 f,1+6) + Ap, (t—iT) cos2x f, t+6)

=[t Ap,(t—G=DT)xA p, (t-iT)] cos(2x £, t +9). 4)

When the data bit b, =1 is transmitted, the waveform, which has a phase change of
7 radians between two consecutive bits, is given by
v@0) =t Ap,(t-G-1DT)cos2x f,t+6) F Ap, (t—iT) cos(27 £, 1+8)
= Ap,t~G-1)T)F A p, (t-iT)] cos27 £, 1 +6), (5)

where € is the signal phase, f, is the carrier frequency, A is the amplitude and the

* signs denotes the polarity of the two consecutive bits. The pulse p, (¢t —iT) is given

by

pr(t-iT)= { (6)

1, iT<t<(+DT)
0 , otherwise )

When b, = 0 is transmitted, the received signal is of the form



r@)=[tAp,®) tAp, ¢-T)]cos2x £, 1+6)+n (1), ©)
where n(t) is additive white Gaussian noise with zero mean and power spectral density
N 0

2

The in-phase outputs of the receiver are given by

Ic

Y, = i%];cose +N,, j+(i-é2-T—cose +N,, )zi-ATcose +N,.,(8)

c?

4 ’ ”
Y, = iA—zTcosG +N,, )—(i%cos@ +N,, ]=N2

where

’ ”

Nl(_':Nl‘c +Nlc ’ N2c=N _Nlc 4 ‘ (9)

1c

and
T

N, = [ne)cos(ax £, £)dt (10)
0
, 2T

N, - _[n(t)cos(27r f.t)dt.

The quadrature outputs of the receiver are obtained as

Y, =(ié2—T-(—sin9 )+ N, )+(iéz£(—sin9 )+ Ny, )=$ATsin6 +N,,, (11)

Y, =(i1421(—sin9 )+ N, ]—-(iéz—zl(—sine )+N,, ]: N,,,

where
Nl.v:le +le ’ N2s=le _le H (12)
and
, T
N,, = [n(e)sin@@x 7, t)dt, (13)
0
” 2T

N, = [nt)sin@z £, t)dt.

T



N,., N,.,, N,,and N, are independent, identically distributed (i.i.d.) Gaussian random

N,T

variables with zero mean and variance equal to

Assuming that b, =0 is transmitted, the outputs of the signal branch are

Y,, =xATcos6+N,,,

Y, =FATsin6 +N,_, (14
and the outputs of the non-signal branch are
i
As seen in Fig. 1, the decision variable for the signal branch is given by
Y’ +Y, =(*ATcos@+N, ) +(FATsin6+N,, ). (16)
For the non-signal branch , the corresponding variable is given by
Y, +Y,>=N,*+N,>. | (17)

o —

t=T,2T,...

J et
0

Qilm

. cos(2nf .t)
t Choose
ﬁ_’ — lLargest _’{0,1}

()

()

Figure 1. Block diagram of a noncoherent DPSK receiver

sin(27f ,t)




For convenience , we normalize (16) as follows:

Y2+Y:= [\/g[iw/_ﬂ:A cos@ +—\/\/-%—NIC II +l:g[¥ﬁAsin0 +%—le ]] s

2 2
T ' N T . 2
=2 | +\2TAcos@+ 5N, | +=| F2T Asin0 + 22N

By setting Y, =%(Yli +¥2), n, =\/—?Nlc )y, ZEN“" A'=:t—%r—A, we have the

decision variable
Y, =(24’cos@ +n, ) +(~24"sin0 +n,, )*. (19)
For a Rayleigh fading channel, A” is a Rayleigh random variable with pafameter o as

given in (1). Furthermore, for a uniform variable 6, A’cosf® and —A’sin0 are

Gaussian random variables with zero mean and variance ©>[11]. The variables

2A’cos@ and -2A’sin@ are both zero mean Gaussian random variables with variance
40 > The zero mean Gaussian random variable n,, and n,, are independent with variance

02 = N, . Therefore the random variable ¥, (19) is a central chi-square random variable

with the following density function [4]

1 b4l
= exp| — ' 20, 20
fy,()ﬁ) 20_12 P[ 20'12} N (20)
where
ol =40*+0’=40>+N,. 1)

Define the average energy per diversity channel as

E=207%; (22)



then, for L diversity channels, the bit energy is

E, =LE. (23)
For the non-signal branch, the decision variable Y, = —%(YZZC +Y} ) can be written as
Y,=n; +n.,, (24)

2 ,2 . . .
where n,, =\/;N2C andn, = FN ,s are zero mean Gaussian random variables with

variance o = N,. The density function of Y, is a central chi-square density function [4]

1 Y2
)= exp| — , >0, 25
sz (y2 20_; p( 20'22] y2 ( )
where
cl=02=N,. (26)

C. OBJECTIVE

In the following chapters, probability density functions are obtained and the bit
error probabilities are derived for PDSC-1, PDSC-Z, and PDSC-3. In Chapter VI, Post-
Detection Selection Combining, Selection Combining and Equal Gain Combining are
compared.

| The primary objectives are to
(a) present the new Post-Detection Selection Combining method,
(b) make the necessary bit error rate derivations, and
(c) compare the performances of Post-Detection Selection Combining, Selection

Combining and Equal Gain Combining.



II. REVIEW OF PREVIOUS WORK

A. EQUAL GAIN COMBINING
The Equal Gain Combining (EGC) method adds in a noncoherent fashion equally

weighted branch signals. Although EGC is one of the most commonly used diversity

techniques, the receiver is dependent on the order of the diversity [3]. The bit error

probability expression for Equal Gain Combining is given by [4]

k

14 2By
L L-1+k LN
=) S (27)
=1 2E, ) |
2+
LN,

B.  FIRST ORDER SELECTION COMBINING (SC-1)

In first order selection combining (SC-1) the signal with the largest amplitude

(hence the largest signal-to-noise ratio) is selected as shown Fig. 2.

ne
Y2 @® Choose
— | Signal
. ¢ With
. Largest 3 DPSK Demodulator —P{O,l}
Amplitude
[ ]
Y, (1)
Figure 2. Selection Combining with L-th order Diversity



The conditional bit error probability for SC-1 is simply the bit error probability for DPSK

conditional on the signal-to-noise ratio y [4]

P)=5 e 28)
The pdf of yis given by [3]
f0)=Loer (-7, )
where
o= —I—VE-:Q— . (30)

Here E is the average energy per diversity bit, and E/ N, is the average diversity bit

energy-to-noise density ratio.

The bit error probability for SC-1 can be evaluated as follows [3]
P, =[P)f(y)dy. | | (31)
0

Inserting (28) and (29) into (31) and performing the integration, we obtain

p=LS (H)(—l)" S - (32)

2& k l+a+ko’

We note that the average bit energy E—;is related to the average diversity bit energy

-, = = LN
E by E, = LE . Thus using the identity o = ——E—i , we obtain a result in terms of %— as
b 0

(33)

&i(L-1
p =L (

. )(—l)k 1+(LN° +k(L_N°)




C. SECOND ORDER SELECTION COMBINING (SC-2)

In second order selection combining (SC-2), two signals with the largest
amplitudes or signal-to-noise ratios at the input of the DPSK demodulator are combined.

The bit error probability conditional on the signal-to-noise ratio 7y is given by [3]

P()=ge 447 (34)
The pdf of yis also given in [3]
f(y):L(L—1)ae'“7{%’i+g[L;2](‘le [1—e'% ﬂ (35)
where
o= %—° R | (36)

as defined in (30). Substituting (34) and (35) into (31) yields

0 k=1 k

B, =Ee"[4+7]L(L—1)a e’“’{%+§(L‘2}( l)k( = H dy.' (37)

By performing this integration, the bit error probability is found to be [3]

P =( % T L(L-1)

1+ 8

{ +—-—+Z(L 2)( 1){(”05)[ (2+2a+ak)+4]+ak}}. (38)

e 2+20+ak)

11



The bit error probability is obtained in terms of A as
0

2

LN,
Es L(L-1) 1
B, = 2+
LN LN
H—E° 8 §0+1
b b
(. IN, LN, _ LN, v, ] (39)
: 1+—2 (4 2+2= %k +41+—2k
+L2_2’(L—2}w1)k Eb Eb Eb Eb [
=\ | LN, , LN, '
= 2422 k
i Es Eb 4

D. THIRD ORDER SELECTION COMBINING (SC-3)

For the third order selection combining (SC-3), three signals having the three
largest amplitudes or signal-to-noise ratios at the input of the DPSK receiver are

combined and the conditional bit error probability for DPSK is given by [3]

A 1 1
P(y)=—eT|16+6y+—=7"|. 40
s ()= [ ¥ 27] (40)
The pdf of y for SC-3 is given by [3]
L(L-1)L-2) _,
7)==y o
(41)

FEA R 2]

Substituting (40) and (41) in (31) yields

12



1 ,},2:| L(L_IXL—Z)ae-aY‘

T 1
P =|—e”"|16+6y+—
’ !32 [ ™ 2

(42)
o’y &(L-3)\(-1) ert
X + kay-31-e 3 dy.
e Vs 7
The bit error probability becomes [3]
— —_ 2
= 1)
—1XL- LN :
szL(L 21(1, 2)< _16 e o)
3 Eo 4 Ev ] |1+ 2
LN, LN, LN,
L(L-3)(-1) 16k 48 144
102 B e A E
h 1+ E» 1+—2 34k +3—
| LN, LN, 0
—_ —_ — — 2
Es Es E, E,
12k = 3k
[LNJ sl ek [LNO]
+
Es ) E ) E E )
1+ — 1+ — 3+k+3— 1+—
LNO 0 0 LNO
7 2 7 2
3 =2 81 —
LN, LN,
- S+ L (43)

In the next chapter we derive the bit error probability when first order post-

detection selection combining is employed.

13
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III. FIRST ORDER POST-DETECTION SELECTION
COMBINING (PDSC-1) ANALYSIS

In the first-order Post-Detection Selection Combining (PDSC-1) technique [14],
the maximum of L diversity samples at the output of the L noncoherent DPSK

demodulators are considered. The diversity receiver is shown in Fig.3.

‘ > 2
t=T2T,.. ¢)
IE; + +Yy, v,
S J(O)dt /E T —> maX{Yz,l,Yz,z,....Yz,L} —
0 + + A
| (o) —
cos(27f 1) _I_@ ( ) {0’1}
x(t) choose |,
largest
+ .
g 2
t=T.T,. > ©) |
- + + Y
(o)dt —> - max{Yy1,Y12,....Y1L}
o spm ¢ Vl
sin(27f, £) + )]

Figure 3. Block diagram of a noncoherent DPSK receiver
with first order Post - Detection Selection Combining
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A. PROBABILITY DENSITY FUNCTIONS OF DECISION VARIABLES
As shown in Fig. 3 V| and V, denote the decision variables for the signal branch

and non-signal branch, respectively. We have
V, =max{¥,,,¥,,..%, }, (44)
V, =max{y,,,%,,..Y,, }, 45)
where Y,, andY,,, k =1,2,..L are the amplitudes at the output of the DPSK demodulator
of the k-th diversity channel. We assume that 1}, and Y, are independent and identically

distributed random variables for all k.
For the signal branch, the probability density function of the k-th signal

amplitude Y, is a central chi-square density function given in (20)

1 Y1k
= exp| ——— |, 20, 46
fyu. (Vi) 20_12 P( 20_12 J Y1r (46)
where o is given in (21) and (22)
62=46>+N,=2E+N, . A7)

The probabilty density function of the decision variable V, in (44) is given by
(Appendix A)
fv, (vx )= L fy,k (vl )[FYu (vl )]L_l ) (48)

where

Tl y v 49
F_ (v1)=J‘2 - exp[~—1—"—]dylk =1—exp[———15-]. “49)

i 2 207 20} 20,

Substituting (46) and (49) into (48) yields
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